The effect of Li' on the period of the K' uptake rhythm in the flow medium culture of the duckweed (Lemna gibba G3) was investigated under various ionic conditions. In the presence of Li' at 0.2 millimolar or higher concentrations, the period was longer than the normal level of 25.4 hours by 2 hours. Li' also lowered the amplitude of the rhythm. Although Na' itself did not change any parameter of the rhythm, simultaneous application of Na* at a very low concentration (20 micromolar) almost completely removed the effects of 0.5 millimolar Li' on both the period and the amplitude. However, divalent cations (Ca2" and Mg2) or Rb' did not remove the Li' action on the period. The effect of Li' and its removal by Na' corresponded to intracellular Li' and Na levels. The period was prolonged when the duckweed contained more Li' than 5 micromoles/gram fresh weight. But the Li' effect was cancelled when the in vivo Na4 level was greater than one-fifth that of Li', even if the Li' level exceeded over 5 micromoles/gram fresh weight.
The period of the free-running rhythm is one of the most important parameters describing the circadian rhythm; its change reflects a modification occurring in the oscillatory feed-back system. The period is stable against general metabolic poisons (1, 2) , excepting some chemicals (5) . For instance, Li4 lengthens the period of various circadian rhythms; in Kalanchoe (4), Meriones (4), Leucophaea (8) , Oxalis (9) , Carassius (10) , and Skeletonema (15) , as was the case for the K4 uptake rhythm of Lemna gibba G3 in the flow medium culture (13) .
The extension of period by Li4 has been used as evidence for involvement ofthe membrane in the basic oscillator ( 14) , for Li4 is known to influence the permeability of the membrane and the activity of membrane-bound enzymes (16) . These Li4 actions on membrane processes are also known to compete with Na4 (3). As Lemna are small aquatic plants, their ionic environment can be easily controlled (1 1, 12) . Moreover, this system is convenient for examination of the Na4 effect on the Li4 action, for the duckweed can be cultured on a Na+-free medium (7). I have examined the effects of Li4 and other ions (especially Na4) on the period of the K4 uptake rhythm and found that a trace of Na4 removed the Li4 action, as reported below. in 100 ml of M medium (5mM Ca(N03)2, 20 mM KNO3, 5 mM KH2PO4, and 2 mm MgS04 as major ingredients) supplemented with 1% sucrose (7) in 200-ml Erlenmeyer flasks. The cultures were exposed to a SD condition (9 h light, 15 h darkness, the light period starting at 9:00 JST2) for about 3 weeks at 26C. Plants were illuminated with 6.5 w/m2 white light from fluorescent tubes (Sunline FL 15 SW; Hitachi, Tokyo, Japan) during the light period. The light fluence rate was measured with a YSI 65A radiometer.
MATERIALS AND METHODS

Culture
Flow Medium Culture. Details of the FMC were described previously (17) . Duckweed were transplanted to a chamber of the FMC at 18:00 JST, i.e. at the end of the 9-h light period of the last SD. Then, the FMC was exposed to LL of 6.5 w/m2 at 26°C throughout the study. A l/Aoo strength ofM medium without sucrose (M/100 medium) was pumped into the culture chamber at 5 ml/h. The medium from the chamber was collected hourly for estimation of the rate of K4 uptake in terms of per cent decrease per hour in the ion content of the flow medium.
Estimation of K Uptake Activity and Its Peak Position. The difference in K4 content between the used medium and a fresh one was considered to be the amount of K4 taken up by the whole duckweed in the FMC chamber. The K4 content was estimated with an atomic absorption spectrophotometer (Model 603, Perkin-Elmer, Norvark, CT). The K4 uptake per hour was automatically input to a microcomputer (Model 9825, Hewlett Packard, Loveland, CO). To determine the peak position precisely, about 25 measurements taken around a roughly estimated, presumptive peak position were subjected to regression analysis of the K4 uptake (Y) against time (t). Y = A cos(2,t/w + P) + Bt + C Thus, the most reasonable amplitude (A), linear component (B), mean level of uptake (C), period (w), and initial phase (P) were obtained. The peak position was, then, calculated from these parameters. Average deviation of the original data of uptake from the regression curve was always less than 0.5% of the uptake.
Estimation of Ion Contents of the Duckweed. The duckweed was harvested from the FMC and promptly rinsed with distilled H20. The fresh weight of the samples was estimated after centrifugation for 1 min at 2000 rpm to remove attached water. Ions were extracted for 20 min by 10 ml of 1 N HCI at 80°C (18) . The concentration of Li' or Na+ was measured by framephotometry or atomic absorption spectrophotometry (Model 603, PerkinElmer).
RESULTS
K4
Uptake Rhythm under Li4 or Na4. approximately 27 h by continuous application of 0.5 mM LiNO3. Li' also decreased the arrhythmic uptake (uptake activity at the trough of the rhythm). LiCl at 0.5 mm affected the rhythm similarly to LiNO3 at 0.5 mM. NaNO3 (0.5 mM), however, modified neither the period nor the arrhythmic K+ uptake ofthe duckweed.
Li' Content in Duckweed and the Period of the Rhythm. As the duckweed absorbed only a few per cent ofthe Li' in the flow medium, even when the Li' concentration in the flow medium was as low as 0.05 mm, it was practically impossible to examine the Li' uptake by the duckweed from its decrease in the flow medium. Therefore, the change in the Li' content in the duckweed was directly determined instead. Figure 2 shows the Li' content of the duckweed at the end of the experimental culture period (144 h of LL). The content increased in parallel with the external Li' level, namely, the internal level was 1 to 2, 4 to 6, and 12 to 15 umol Li+/g fresh weight when the external level was 0.05, 0.2, and 2 mm, respectively. Removal by Na' of the Li' Effects. Figure 3 shows that a trace of Na+ (20 MM) completely removed the action of 0.5 mM Li' on the period, the amplitude and the arrhythmic fraction of K+ uptake. Rb+ (0.2 mM) was ineffective in removing Li' action on the period, although it was absorbed as well as K+ (1 1). Divalent cations (0.5 mm Ca2" and 0.2 mM Mg2" ions) were not so effective as Na+ even when their concentrations were increased 10-fold over those usually in the flow medium.
Contents of Li' and Na' in Duckweed Exposed to Various Concentrations of Nae. Although no Na+ salts were added to the M medium, the autoclaved M medium contained 10 to 15 Mm Na+, probably due to a leak of Nae from glassware during autoclaving. Therefore, the duckweed contained Na+ at 0. 4 ,gmol/g fresh weight during the stock culture. Na+ content in the duckweed gradually decreased to 0.15 ,mol/g fresh weight in the 144-h period of FMC with the Na+-free flow medium (arrow in Fig. 4) . Figures 4 and 5 show the accumulation of Na+ and Li' in the duckweed cultured in the presence of 0.5 (Fig. 4) and 2 mm Li' (Fig. 5) together with various concentrations of Na+. Na+ was accumulated in proportion to the external Nae concentration. Li' in the flow medium did not interfere with the Na+ accumulation, i.e. 1 Figure 1 . Various concentrations of NaNO3 (1-300 FM) were added to the flow medium together with 0.5 mm (Fig. 4, top) or 2 mm (Fig. 5,  bottom) of LiNO3. The Li4 (M) and Na4 (A) contents in the duckweed (examined at the end of the 144-h FMC) and the period (0) were plotted against the Na4 concentration. Open triangle indicates the Na+ level in the duckweed at the beginning of the FMC. Data shown are means of two or three experiments.
to the flow medium containing 10 ,M Na+ together with either 0.5 or 2 mm Li4. On the other hand, the Li+ accumulation was lowered by the presence of Na4. Thus 10 and 30 pM Na4 nearly halved the Li' uptake from the media containing 0.5 and 2 mM Li+, respectively. Higher doses of Na+ showed no further effects on the Li+ accumulation. Figure 4 and 5 also show that the period was restored to the control level (25.4 h) as in vivo Li+ content was reduced and the Na+ concentration in the medium was elevated so that the internal Li+ to Na+ ratio was decreased to 5 or less, regardless of the exogenous Li+ concentrations examined (0.5 and 2 mM). Thus, the internal Li+ to Na+ ratio corresponded well to the removal of the Li+ effect. The period was restored to the control level, when the Li+ to Na+ ratio was 5 or less, irrespective of absolute Li+ concentrations in the duckweed.
DISCUSSION
In the present study, I employed almost exclusively LiNO3, instead of LiCl which has been frequently used, in order not to disturb the ion balance in the M medium that contains much nitrate and little chloride (7). As LiCl and LiNO3 (each at 0.5 mM) similarly modified the K+ uptake rhythm (Fig. 1) , an increase of nitrate in the medium would have no effects on the K+ uptake rhythm. Li+ modified not only the arrhythmic uptake of K+ but also the period ofthe rhythmical K4 uptake. In contrast with Li', Na4 (0.5 mM) modified neither the period nor the arrhythmic fraction of the K4 uptake rhythm. In addition, Rb4 does not change the period (1 1). Therefore, Li4 appears specific in its ability to lengthen the period.
A trace of Na4 most strikingly cancelled the Li4 action on the period. Even at 3 gM, Na4 was effective in removing the action of 0.5 mm Li'. As neither Rb4 nor divalent cations was effective, this would be a specific action of Na+. Since Na4 itself did not affect the K4 uptake rhythm of the duckweed ( Fig. 1 and [1 1] ), the Na4 action may be explained in terms of competitive blockage by Na4 of the site of Li4 action. Na4 and Li4 ions are known to have similar physiological actions and compete for their common action sites because of their similar physical properties (6). Note, for instance, that Li4 competes with Na4 for membrane ATPase and transport processes (3, 16) . That Na4 removed the period-lengthening effect of Li4 on the K4 uptake rhythm supports the participation of membrane process(es) in the duckweed's oscillator.
As shown in Figures 3 and 4 , Na4 could remove the Li4 action even at a dose as low as l/ioo of the existing Li+, suggesting that the competition, if any, between Na+ and Li+ occurred inside the duckweed cells. Based on the decrease in the flow medium, I had reported that the duckweed absorbs little Li4 or Na+ from the flow medium that contains K+ (11) . However, when estimated by extraction, a very small fraction of ambient Li4 or Na+ was found to be taken up by the duckweed. Moreover, the duckweed absorbed Na4 more efficiently than Li4 and Na+ lowered the Li4 accumulation (Figs. 4 and 5 ). This is responsible for the in vivo ratio of Li+ to Na4 being 10 to 50 times lower than that in the ambient medium. These results indicate that Li+ affects the clock inside the duckweed cells, and Na+ not only competitively interferes the Li4 action but lowers the in vivo Li4 level. In addition, the argument that Li4 acts on the rhythm inside the cell also supports various intracellular oscillator models (5) .
The amounts of accumulated Li+ and Na4 also agree with the intracellular action of Li+ and its competitive removal by Na+. The period extension by Li4 saturated as the internal concentration of Li4 was elevated to 5 ,umol/g fresh weight (Fig. 2) , implying that the site of Li4 action was wholly occupied by this amount ofLi4. However, even ifthe Li+ concentration was much higher, the Li+ effect on the period was removed as the Li+ to Na4 ratio was 5 or less in the cell (Figs. 4 and 5) , irrespective of external Li+ concentration. That is, no Li4 effect appeared when the intracellular Li+ and Na4 concentrations were respectively 3 and 0.6 gmol/g fresh weight (0.5 mM Li', Fig. 4 ) or 7 and 1.4 jsmol/g fresh weight (2 mm Li+, Fig. 5 ). This indicates that the affinity of Na4 to the site of Li4 action is much higher than that of Li4 itself. 
